The phytohormone cytokinin regulates plant growth and development. This hormone is also synthesized by some phytopathogenic bacteria, such as Agrobacterium tumefaciens, and is as a key factor in the formation of plant tumors. The rate-limiting step of cytokinin biosynthesis is catalyzed by adenosine phosphateisopentenyltransferase (IPT). Agrobacterium IPT has a unique substrate specificity that enables it to increase trans-zeatin production by recruiting a metabolic intermediate of the host plant's biosynthetic pathway. Here, we show the crystal structures of Tzs, an IPT from A. tumefaciens, complexed with AMP and a prenyl-donor analogue, dimethylallyl S-thiodiphosphate. The structures reveal that the carbon-nitrogen-based prenylation proceeds by the SN2-reaction mechanism. Site-directed mutagenesis was used to determine the amino acid residues, Asp-173 and His-214, which are responsible for differences in prenyl-donor substrate specificity between plant and bacterial IPTs. IPT and the p loop-containing nucleoside triphosphate hydrolases likely evolved from a common ancestral protein. Despite structural similarities, IPT has evolved a distinct role in which the p loop transfers a prenyl moiety in cytokinin biosynthesis.
C
ytokinins regulate a number of agronomically important aspects of plant growth and development, such as leaf senescence (1), apical dominance (2, 3) , and reproductive competence (4, 5) . This hormone is also synthesized by phytopathogenic bacteria, such as Agrobacterium tumefaciens and Pseudomonas savastanoi, and is as a key factor in the formation of plant tumors (6) . The major natural cytokinins, such as trans-zeatin and N 6 -(⌬ 2 -isopentenyl)adenine, are adenine derivatives that carry an isoprene-derived side chain at the N 6 terminus (7, 8) . The initial and rate-limiting step in cytokinin biosynthesis is N-prenylation of adenosine 5Ј-phosphate, a reaction catalyzed by adenosine phosphate-isopentenyltransferase (IPT; EC 2.5.1.27) (9, 10). Plants and Agrobacterium both synthesize cytokinin, but there is little similarity in their IPT primary structures [see supporting information (SI) Fig. 6 ], and their enzymatic properties are different. IPTs from higher plants predominantly use ATP or ADP as a prenyl acceptor and dimethylallyl diphosphate (DMAPP) as the donor (11) , but Agrobacterium IPTs, such as Tmr and Tzs, use AMP and 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (HMBDP) or DMAPP as substrates (see SI Fig.  7 ) (12) (13) (14) . Both types of IPT require a divalent metal ion, such as Mg 2ϩ (10, 11) . The distinction in cytokinin biosynthesis substrates can be attributed in Agrobacterium to the efficient production of trans-zeatin, a highly active cytokinin species. In host plants, the use of HMBDP, a metabolic intermediate in the methylerythritol phosphate pathway, enables Tmr to produce trans-zeatin nucleotide directly without using the host's hydroxylating system (13, 15) .
There are two isoenzymes of IPT in Agrobacterium, Tmr and Tzs, and their substrate preference is similar (SI Fig. 7 ) (14) . The Tzs gene is located in the virulence region of nopaline-type Ti-plasmids (16) . Tzs stimulates T-DNA transfer efficiency (16, 17) , whereas Tmr, which is encoded in the T-DNA region, induces tumorigenesis in host plant cells (10, 18) .
Although there is a long history of cytokinin research from biological and agronomic perspectives that has provided a wealth of knowledge about plant development and plant-microbe interactions, understanding the structural basis for the reaction mechanism, substrate specificity, and evolution of cytokinin biosynthesis has been lacking. Here, we have determined four types of crystal structures of Tzs from A. tumefaciens, complexed with a natural substrate or its analogue. The structures provide a structural insight into the reaction mechanism and unique evolution of cytokinin biosynthesis. A structure-based mutagenesis study of Tzs was used to identify the crucial amino acid residues that determine prenyl-donor substrate specificity differences between Tzs and higher-plant IPTs.
Results and Discussion
Structure of Tzs. The crystal structure of Tzs was solved at 2.31-Å resolution by a multiwavelength anomalous dispersion method with selenomethionine-labeled (SeMet) protein. Tzs consists of two domains: the N-terminal domain (residues 1-126) that comprises a five-stranded parallel ␤-sheet (␤1-␤5) surrounded by three ␣-helices (␣1-␣3), and the C-terminal domain (residues 127-227) that comprises five helices (␣4-␣8; Fig. 1 A and B) . The N-terminal domain contains a nucleotide-binding p loop motif (Gly-8-Pro-Thr-Cys-Ser-Gly-Lys-Thr-15) (19) . The C-terminal side of the terminal helix (␣8) extends to the N-terminal domain, and the C terminus is attached to the N-terminal domain ( Fig.  1 A-C ). An interface between the domains forms a solventaccessible channel that connects the two sides of the molecular surface (Fig. 1C) .
Binding of AMP. An electron density map of the Tzs crystal showed that it binds to a compound in the solvent-accessible channel. Electron density, mass spectrum, and absorbance spectrum analyses revealed that the compound is AMP (SI Fig. 8) . Thus, the crystal was named as Tzs-AMP. In the Tzs-AMP crystal structure, the AMP molecule occludes one side of the channel, with the adenine ring positioned deep within ( Fig. 2A) .
N-terminal end of ␣3 (residues 99-101), and by a charge-charge interaction and hydrogen bond to Arg-34 (Fig. 3A) . The N 6 -amino group of the adenine ring, the prenylation site, forms hydrogen bonds to Asp-33 and Ser-45 (Fig. 3A) . Val-35 forms a van der Waals interaction with the ring, and Asp-171 in the C-terminal domain hydrogen bonds to the 2Ј-hydroxyl group of AMP (Fig. 3A) . However, the p loop, which is located on the other side of the channel, does not form any interaction with AMP.
Binding of the Prenyl-Donor Analogue and Zn 2؉ to Tzs. To better understand the reaction mechanism of cytokinin biosynthesis, Tzs-AMP was soaked in dimethylallyl S-thiodiphosphate (DMASPP), DMASPP and Zn 2ϩ , or DMAPP. Structures of the resulting crystals, designated as Tzs-AMP/DMASPP, Tzs-AMP/ DMASPP/Zn, and Tzs-PPi were determined at 2.10-Å, 2.10-Å, and 2.80-Å resolutions, respectively. DMASPP is a substrate analogue of DMAPP, whose cleavage site oxygen atom (C 1 -O 1 ) is substituted by a sulfur atom (20) . In the Tzs-AMP/DMASPP crystal structure, AMP and DMASPP are visible within the electron density signal of the channel (SI Fig. 9A ). The diphosphate moiety of DMASPP binds to the loop by hydrogen bonds and charge-charge interactions, and the sulfur atom is fixed by a hydrogen bond to the guanidinium group of Arg-138 (Fig. 3B) . The electron density of two Zn 2ϩ atoms (Zn 1 and Zn 2 ) appears in the channel of the Tzs-AMP/DMASPP/Zn crystal structure in addition to AMP and DMASPP (SI Fig. 9B ). DMASPP enters the channel from the side opposite the AMP-accessing site (Figs. 2B). The diphosphate moiety of DMASPP binds to Arg-138 by a charge-charge interaction, and to the p loop coordinating with Zn 1 (Fig. 3C ). Thr-10 forms a hydrogen bond to the sulfur atom of DMASPP in Tzs-AMP/DMASPP/Zn. However, the AMPbinding mode of Tzs-A MP/DMASPP and Tzs-A MP/ DMASPP/Zn was the same as Tzs-AMP (data not shown). The dimethylallyl group of Tzs-AMP/DMASPP/Zn is located almost parallel to the adenine ring of AMP at an angle of 9.7°, and makes van der Waals contacts with the adenine ring and the side chains of Asp-173, Tyr-211, and His-214. The distance for N-prenyl transfer between the carbon (C 1 ) and nitrogen (N 6 ) atoms is 3.3 Å (Fig. 3C ). In the Tzs-PPi crystal, the electron density of the AMP molecule disappears, and a diphosphate appears instead at the p loop ( that the enzymatic reaction proceeds in the crystal, and that the solvent-accessible channel is its reaction center. The reaction in the crystal probably uses Mg 2ϩ in the crystallization solution. The diphosphate is fixed to Lys-14 by a hydrogen bond or charge-charge interaction.
Proposed Reaction Mechanism. Structural comparisons among the four crystal structures show that binding of a substrate or its analogue induces drastic changes in the arrangement and interactions of amino acid side chains, which are involved in the reaction process. Arg-138 forms a charge-charge interaction with Glu-141 in Tzs-AMP and Tzs-PPi, a hydrogen bond to the sulfur atom of DMASPP in Tzs-AMP/DMASPP, and a chargecharge interaction with the ␤-phosphate of DMASPP across the channel in Tzs-AMP/DMASPP/Zn (Fig. 3 B and C) . The hydroxyl group of Thr-10 forms a hydrogen bond to the sulfur atom of DMASPP in Tzs-AMP/DMASPP/Zn, but forms a hydrogen bond to the ␣-phosphate in Tzs-AMP/DMASPP (Fig. 3 B and  C) . These tight interactions of Thr-10 and Arg-138 with DMASPP strongly suggest that the side chains facilitate the elimination of diphosphate by stabilizing the oxygen atom at the cleavage site in the transition state of the enzymatic reaction. Substitution of Thr-10 or Arg-138 with Ala severely reduces catalytic activity, an observation that supports this model (SI Fig.  10 ). The metal ion at position Zn 1 plays a role in neutralizing the negative charge of diphosphate and in fixing DMASPP at the appropriate position to undergo catalytic reaction.
A proposed reaction model is shown in Fig. 4 . The side chain of Asp-33 interacts with the N 6 position of AMP (Fig. 3A) , suggesting that Asp-33 functions as a general base by the deprotonation of the N 6 -amino group of AMP. Elimination of Tzs activity by substitution of Asp-33 with Ala supports this model (SI Fig. 10 ). In an IPT from hops (Humulus lupulus), Asp-62, which corresponds to Asp-33 of Tzs, is also indispensable for the enzymatic reaction (21) . It should be noted that Thr-10, Asp-33, and Arg-138 are fully conserved among all IPTs (SI Fig. 6 ). Based on these results, we suggest that the IPT carbon-nitrogen-based prenylation reaction proceeds by the Sn2-reaction mechanism (Fig. 4) that is involved in carboncarbon-based or carbon-oxygen-based prenylation of aromatic substrates (22) , and farnesyl modification of proteins (23) . (Fig. 3C) . The other (Zn 2 ) is located near AMP and is coordinated to the side chains of Asp-173, Glu-213, and His-214 (Fig.  3C) . The side-chain conformation of Glu-213 is altered between Tzs-AMP/DMASPP and Tzs-AMP/DMASPP/Zn, but those of Asp-173 and His-214 are not (data not shown). Substitution of Glu-213 with Gln does not affect reactivity (Table 1) . In contrast to Thr-10, Asp-33, and Arg-138, Glu-213 is not well conserved among IPTs (SI Fig. 6 ). In addition, the side-chain conformation of Tzs-AMP/DMASPP/Zn around the AMP is similar to Tzs-AMP and Tzs-AMP/DMASPP, and there is no difference in the binding of AMP to Tzs among the three structures (data not shown). Thus, the biochemical significance of the Zn 2 ions is unclear at present.
Identification of Amino Acid Residues Controlling Prenyl-Donor Sub-
strate Specificity. The Glu-210 to His-214 region of ␣8 and Asp-173 on loop ␣6-␣7 form a cavity for a prenyl moiety, and the side chains of His-214 and Asp-173 present a hydrophilic region on the surface of the reaction cavity surrounding the trans-side end of the dimethylallyl group. To assess which amino acid residue(s) determine substrate preference differences between bacterial and plant IPTs, we introduced amino acid substitutions into Tzs and evaluated the resulting kinetic parameters (Table  1 ). There were no severe negative effects on reactivity to DMAPP except for the Tyr-211 substitution, which greatly reduced reactivity to both prenyl donors. Although each substitution reduced relative reactivity to HMBDP, substitution of His-214 with Leu or Asp-173 with Gly greatly reduced both affinity and catalytic activity ( Table 1) . As a result, the specificity ratio (k cat /K m for DMAPP divided by k cat /K m for HMBDP) of TzsH214L and TzsD173G for DMAPP/HMBDP increased 505-and 90-fold, respectively. These results indicate that the hydrophilic region formed by the side chains of His-214 and Asp-173 determine the specificity of the prenyl donor in Tzs, thus allowing the use of HMBDP for direct synthesis of trans-zeatin, a highly active cytokinin.
To identify the critical amino acids governing prenyl-donor substrate specificity in higher-plant IPTs, we changed each of five positions of AtIPT4, an Arabidopsis IPT, to the corresponding residue of Tzs. However, there was no significant difference in HMBDP utilization associated with these mutations (SI Fig. 11 ). Additional amino acids would thus be necessary to identify the loci responsible for efficient utilization of HMBDP by plant IPTs.
As for the prenyl-acceptor substrate, Tzs exclusively uses The Km values for DMAPP and HMBDP were measured by using a nonradioisotope assay (30) with AMP (50 M), and for AMP with DMAPP (100 M). Means Ϯ SD (n ϭ 3). Sp. ratio, specificity ratio: the kcat/Km for DMAPP divided by the kcat/Km for HMBDP.
AMP, whereas plant IPT uses either ADP or ATP. The Arg-34 and Ile-100 residues, which fix the phosphate group of AMP (Fig.  3A) , are conserved with Lys and Asn, respectively, at the corresponding position of plant IPTs (SI Fig. 6 ). We substituted Arg-34 with Lys, Ile-100 with Asn, or both into Tzs. However, none of the three mutant enzymes were able to use ADP or ATP, nor did they lose catalytic activity (SI Fig. 12 ), suggesting that the specificity for prenyl-acceptor substrate is controlled by more than these two amino acid sites.
Molecular Evolution of IPT.
A three-dimensional structure DALI database search (24) revealed that the N-terminal domain of Tzs (residues 1-126) is structurally related to the p loop-containing nucleoside triphosphate hydrolase (pNTPase) superfamily (8.1 Ն Z Ն 7.1). The ␣4 helix, the C-terminal part of ␣8, and the C terminus, all of which are close to the N-terminal domain in the tertiary structure, also have structural similarity to pNTPases (Fig. 1B) . Among the pNTPases, notable similarity is found in and around the active site of chloramphenicol phosphotransferase from Streptomyces venezuelae [CPT (25, 26) ; Z ϭ 7.7, rmsd of 3.1 Å for 132 C␣ atoms] (Fig. 5A) . CPT catalyzes the transfer of the ␥-phosphate of ATP to the C-3 hydroxyl group of chloramphenicol, and the p loop binds to the ␤-and ␥-phosphates of ATP, directly taking part in the cleavage and transfer of the ␥-phosphate (25, 26) . Superimposition of the reaction centers of Tzs and CPT (Fig. 5B) indicates that the interaction of the diphosphate moiety to the p loop is quite similar despite the different binding substrate, with an altered orientation.
Comparison of the structures also suggests that the functions of Asp-33 and Arg-138 in Tzs are equivalent to those of Asp-37 and Arg-133 in CPT (Fig. 5B) : the Asp residue is proposed as a general base that deprotonates the conjugation site, and the Arg residue stabilizes the transferred group in catalysis (25, 26) . Although IPT and CPT might have evolved from a common ancestral protein, IPT appears to have uniquely evolved to catalyze N-prenyl transfer to adenosine phosphate, because all of the other enzymes of the pNTPase superfamily catalyze transfer of a phosphate or sulfate group to the countersubstrate. During molecular evolution of IPT, the p loop must have been conserved to fix a diphosphate moiety of the donor substrate, but its function has changed to bind prenyl diphosphate (DMAPP or HMBDP) and to transfer the prenyl group, but not a phosphate group, to adenosine phosphate.
Conclusions
We have determined the crystal structures of natural substrateand substrate analogue-bound forms of Agrobacterium IPT, which catalyzes the rate-limiting step of cytokinin biosynthesis. These structures provide the first insight into the reaction mechanism and molecular evolution of IPT. Structure-based mutagenesis pointed out two critical amino acid residues within the substrate-binding pocket that serve to distinguish the presence or absence of a hydroxyl group of the prenyl-donor substrate. These amino acids must be important for efficient Agrobacterium tumorigenesis because they create a metabolic bypass for direct trans-zeatin-type cytokinin production. The crystal structures also provide critical data for understanding the molecular evolution of cytokinin biosynthesis. Interestingly, the role of the p loop in IPT is distinct from that of other pNTPases, although they may have evolved from a common ancestral protein. Despite its obvious biological and agricultural importance, there are no inhibitors or modulators of cytokinin biosynthesis. These structural analyses may provide a template for the structure-based design of inhibitors of phytobacterial tumorigenesis and can help to develop plant growth regulators that modulate plant IPT activity.
Materials and Methods
Chemicals. HMBDP (27) and dimethylallyl S-thiodiphosphate [(S)-3-methyl-2-buten-1-yl thiodiphosphate, DMASPP] (20) were synthesized by Wako Pure Chemical Industries.
Construction of Expression Plasmids.
For expression of Tzs and AtIPT4, the coding regions were amplified by PCR and cloned into expression vector pQE60 (Qiagen) to express His-tagged recombinant proteins (pQE-Tzs and pQE-IPT4, respectively). Site-directed mutants of Tzs (TzsT10A, TzsD33A, TzsR138A, TzsD173G, TzsE210N, TzsY211T, TzsE213Q, and TzsH214L) and AtIPT4 (IPTG191D, IPTN229E, IPTT230Y, IPTQ232E, and IPTL233H) were constructed by using QuikChange (Stratagene) according to the supplier's protocol.
Preparation of Tzs Proteins. The Met-auxotroph Escherichia coli strain B834 (Novagen) harboring pREP4 (Qiagen) and pG-KJE8 (Takara Bio) was used as the host for the production of SeMet protein. The pQE-Tzs transformants were cultured with shaking in LeMaster medium supplemented with 1 M sorbitol and 25 g/ml seleno-L-Met (28, 29) , 100 g/ml ampicillin, 20 g/ml chloramphenicol, 1 ng/ml tetracycline, and 0.5 mg/ml D-arabinose at 37°C until the A600 was 0.5. The temperature of the medium was reduced to 25°C and isopropyl-D-thiogalactopyranoside was added to a final concentration of 1 mM. Cultures were grown overnight with shaking, and cells were harvested and lysed with a sonicator. Cell debris was removed by centrifugation at 18,000 ϫ g for 20 min and the supernatant was loaded onto a Ni-NTA superflow column (Qiagen) equilibrated with 50 mM Tris⅐HCl pH 8.0, 300 mM NaCl, 20% (vol/vol) glycerol, and 3.5 mM 2-merchaptoethanol. Adsorbed proteins were eluted with 500 mM imidazole. Gel filtration was successively performed on a HiLoad Superdex 75 prep-grade column (GE Healthcare) equilibrated in 25 mM Tris⅐HCl pH 7.5, 200 mM NaCl, and 3.5 mM 2-mercaptoethanol. SeMet samples were dialyzed against 10 mM Tris⅐HCl pH 7.5 and 1 mM DTT. The expression and purification conditions for Tzs were the same as for SeMet-Tzs protein except that modified M9 medium (30) was used instead of LeMaster medium. , respectively, and incubating at 4°C for 15 h. For preparation of the Tzs-PPi crystal, 0.5 l of 20 mM DMAPP was added to the Tzs crystallization drop and incubated at 4°C for 15 h. All crystals were flash-frozen in a nitrogen cold stream. X-ray diffraction data collections were performed on a SPring-8 beamline BL45XU (31) and processed by using HKL2000 software (32) . Data collection statistics are listed in SI Table 2 .
Structure Determination and Refinement. The crystal structure of SeMet-Tzs was solved by a multiwavelength anomalous dispersion method by using the program SOLVE (33) . Density modification and automated model building were performed with the program RESOLVE (34) . Model building and manual fitting of the model were carried out by the program Xfit (35) , and the model was partially refined by using the program CNS (36) . Higher resolution of the native crystal, which has a different space group, was obtained in the process of building the initial model. Thus, the unfinished model of SeMet-Tzs was used for further analysis of the new crystal by the molecular replacement method. Finally, the model was refined with diffraction data from the new crystal, which was named native Tzs-AMP. Five percent of the reflections were set aside for Rfree calculations (37) . The structures of Tzs-AMP/DMASPP and Tzs-AMP/DMASPP/Zn were refined by rigid-body refinement by using Tzs-AMP, and that of Tzs-PPi by using SeMet-Tzs. Only the structure of Tzs-PPi was performed with noncrystallographic symmetry restraints during refinement. Finally, the models were refined by using the program REFMAC (38) , including TLS refinement (39) . The program AMoRe was used for the molecular replacement method (40) . The quality of the final models was assessed by Ramachandran plots, and analysis of model geometry with the program PROCHECK (41) . Refinement statistics are listed in SI Table 2 . Secondary structure assignment was performed with the program PROMOTIF (42) . Figures were created with the program PyMOL (43) .
